Abstract: Key to the development of DNA-targeting phototherapeutic drugs is determining the interplay between the photoactivity of the drug and its binding preference for a target sequence. For the photooxidising lambda-[Ru(TAP)2(dppz)] 2+ (Ʌ-1) complex bound to either d{T1C2G3G4C5G6C7C8G9A10}2 (G9) or d{TCGGCGCCIA}2 (I9), the Xray crystal structures shows the dppz intercalated at the terminal T1C2;G9A10 step or T1C2;I9A10 step. Thus substitution of the G9 nucleobase by inosine does not affect intercalation in the solid state although with I9 the dppz is more deeply inserted. In solution it is found that the extent of guanine photo-oxidation, and the rate of back electron transfer, as determined by ps and ns time-resolved infrared and transient visible absorption spectroscopy, is enhanced in I9, despite it containing the less oxidisable inosine. This is attributed to the nature of the binding in the minor groove due to the absence of an NH2 group. Similar behaviour and the same binding site in the crystal.are found for d{TTGGCGCCAA}2 (A9), In solution we propose that intercalation occurs at the C2G3;C8I9 or T2G3;C8A9 steps, respectively, with G3 the likely target for photo-oxidation. This demonstrates how changes in the minor groove (in this case removal of an NH2 group) can facilitate binding of Ru(II)dppz complexes and hence influence any sensitised reactions occurring at these sites. No similar enhancement of photooxidation on binding to I9 is found for the delta enantiomer.
Introduction
Recent studies have shown that inosine [1] is responsible for several important effects in nucleic acid chemistry. For example biological diversity has been linked to posttranscriptional RNA editing which involves the deamination of adenosine to inosine. [2] In double-stranded nucleic acids inosine forms Watson Crick base-pairs with cytosine and can therefore replace guanine. However substitution of a GC base-pair with an IC has been found to influence the thermal stability of DNA in a highly sequence dependent manner [3, 4] and replacing guanosine with inosine is also reported to influence the structural conformation of DNA beyond the local site of substitution. [4] Another conspicuous feature of this process is that, while the groups in the major groove of B-DNA are similar for GC and IC they are quite different in the minor groove. In fact, the minor groove surfaces of I-C and A-T are closely similar ( Figure 1 ). This may have important consequences for the non-covalent binding of drugs and other small molecules and this has been demonstrated for compounds such as the pluramycin family of alkylating compounds, [5a-b] daunomycin, [5c] quinoxaline antibiotics [5d-e] and echinomycin.
[5d]
Ruthenium polypyridyl complexes have been shown to be avid binders to DNA with potential applications for imaging and for phototherapeutics. [6] Particularly important amongst these are complexes containing the dipyridophenazine (dppz) ligand, which can intercalate between the base pairs of DNA. Some of these act as DNA 'light switches'. [7] Others, such as [Ru(TAP)2(dppz)] 2+ (1, Figure 1 ) (TAP = 1,4,5,8-tetraaza-phenanthrene), may photooxidise guanine by one-electron transfer to the photoexcited complex.
[8] The TAP ligand can also form covalent adducts with guanine under certain conditions, [9] while 1 and its modified analogues have recently been shown to cause light-induced cytotoxicity against HeLa cancer cells. [10] Understanding the mechanism of photosensitised DNA damage, and therefore developing targeted drug therapies, requires accurate knowledge of where and how the sensitiser is bound in the DNA. In this regard X-ray crystallography can provide critical information about the interactions in the binding site and is increasingly proving very informative in defining the mode and geometry of binding of polypyridyl Ru(II)dppz complexes. [11] This was recently demonstrated for -[Ru(TAP)2(dppz)] 2+ (-1) where X-ray crystallography of the isosteric -[Ru(phen)2(dppz)]
2+
bound to the oligodeoxynucleotides (ODNs) d{CCGGTACCGG}2 or d{CCGGATCCGG}2 [11b] proved to be an excellent guide to the preferred binding site and hence the electron transfer properties monitored by transient spectroscopy in solution.
[8f] In a further important development, we reported the first time-resolved infrared (TRIR) study performed directly in the crystal, [12] where
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we were able to use precise knowledge of the binding geometry to assign G9 as the oxidation site for Λ-1 intercalated at the terminal T1C2;G9A10 step of d{TCGGCGCCGA}2 (G9) in the crystal. Inosine is reported to have an oxidation potential ca. 200 mV higher than G.
[13a] Hence G/I replacement has been used as a control experiment to study the dynamics of ET in DNA. [13] In the event of the G9 site in G9 being the target in solution a reduced yield (and/or rate) of photoinduced electron transfer (PET) for I9 in solution would be anticipated. To the best of our knowledge, there is no structural data available, which allows a comparison of the intercalation geometry at the base-pairs GC, IC and AT for any DNA-binder.
For the lambda enantiomers of [Ru(TAP)2(dppz)] 2+ or [Ru(phen)2(dppz)] 2+ it has been established that angled intercalation from the minor groove is the preferred binding mode at any of the ten DNA steps with the exception of the TA/TA step. [11] As noted above, an IC and GC basepair present the same functional groups in the major groove, while from the minor groove it is the IC and AT basepairs which are the same ( Figure 1 ). In this paper, we consider the effect of replacement of guanine by inosine on the binding of -[Ru(TAP)2(dppz)]
2+ both in the crystal and in solution and the consequences of this substitution on the primary photooxidation properties as monitored by nanosecond and picosecond transient absorption (TrA) and time-resolved infra-red (TRIR) methods. 
Results

X-ray crystal structures of (Λ-1) with d{TCGGCGCCIA}2 (I9) and d{TTGGCGCCAA}2 (A9)
Crystals of Λ-1 with I9 and A9 could be best obtained by starting with the pure enantiomer, in contrast to the G9 analogue, which is sufficiently selective to efficiently crystallise from rac-1. The data from the Λ-1-I9 crystal was of particularly high quality with a resolution of 0.96 Å, close to small molecule precision. Each of the structures show intercalation of the metal complex from the minor groove at the terminal site (i.e. T1C2;G9A10 for G9, T1C2;I9A10 for I9 and T1T2;A9A10 for A9), as well as semi-intercalation of a TAP between G3 and G4 ( Figure S1 & S2) .
The high quality of the data (in the top 1% of structures in the PDB) allows detailed structural comparisons of the intercalation site in the three systems. A key factor determining the precise orientation of each of the metal complexes is contacts between the pyrimidine deoxyribose ring and the TAP ancillary ligand (Figure 3 ), for example H1 touches the C10 of the TAP ring, as measured by the C1′-C10 contact distance (SI Figures S3-S5 ). In the case of G9, the projecting 2-NH2-group of the purine reduces the area of the contact surface, with one H atom (labelled H2 in Figure 3 ) becoming the second important contact. A consequence of this is that the overlap between the pyrazine ring of the dppz ligand and the purine rings on either side is only partial when the purine is guanine, giving a weaker hydrophobic interaction.
Inosine presents a smoother contour in the minor groove, increasing the contact surface although the cytosine C1-TAP(C10) distance is only 0.07Å less than in G9. As shown in Figure 3 , there is much better overlap between the purine and the pyrazine rings. Another feature is a decrease of 0.45 Å in the Rucentroid distance for the purine six-membered rings for I9 compared to G9. For the Ru-cytosine centroid this is only 0.09 Å, so that the difference is mainly in the purine location. By contrast the cytosine ring position, as well as the sugar-TAP contact surface, change very little. All these comparisons point to the tighter interaction at an IC step compared to a GC step. The comparison of the IC with an AT base-pair shows a much higher degree of similarity, with a slight lengthening of the thymine C1-TAP(C10) distance (but only by 0.04 Å), and an increase of 0.1 Å in the Ru-purine centroid distance compared to I9. In the A9 case the purine-pyrazine ring stacking is greatest of all the three pairs studied.
Binding studies of Λ-[Ru(TAP)2(dppz)]
2+ in the presence of G9, I9 and A9 in solution Comparative UV/vis and emission binding titrations were performed for Ʌ-1 in the presence of G9, I9 and A9 in 50 mM phosphate buffer. In a similar fashion to what was found for other oligonucleotides, [8f] upon addition of the ODN the absorption spectra show a characteristic reduction in absorbance at 412 nm and a slight shift in the band maximum to 420 nm. Simultaneously the emission band at 635 nm is strongly reduced due to quenching of the excited state upon binding to the ODN (ESI Figure S6 ). Figure 4a shows the diminution of the emission intensity in each of these solutions. Binding constants were determined from these luminescence data (ESI Section S3 & Table S2 ) using a modified method of that reported by Carter et al. [14] It may be noted that binding is much stronger for I9 (13 x 10 5 M 1 ) and A9 (11 x 10 5 M 1 ) than it is for G9 (5.3 x 10 5 M 1 ).
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This article is protected by copyright. All rights reserved. Figure 4 . (a) Change in emission intensity, and corresponding binding fits, for Λ-1 in the presence of G9 (black) I9 (red) and A9 (blue) (b) Linear fits to determine ΔG (non-electrostatic) for Λ-1 in the presence of G9 (slope = 1.97), I9 (slope = 1.30) and A9 (slope = 1.27). In H2O in 50 mM phosphate buffer pH S9
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Titrations were also carried out in solutions containing additional KCl (100 mM and 500 mM), and these revealed significant decreases in binding affinity at higher ionic strength (ESI Figure S7 ). To further investigate the effect of ionic strength on binding, the recovery of the emission was monitored when KCl was added gradually to a solution containing Λ-1 fully bound to the relevant ODN. The resulting plots (Figure 4b ) may be used to determine the dependence of the binding on electrostatic and non-electrostatic components. [15] The derived values for ΔG(nonelectrostatic) are -19.3 kJ mol −1 , -24.7 kJ mol −1 and -24.8 kJ mol −1 for binding to G9, I9 and A9, respectively. This is consistent with a larger hydrophobic interaction with I9 and A9, which, in light of the structural data, could be due to a greater degree of overlap between the dppz and the base-pairs of the intercalation pocket. Circular dichroism (CD) has been widely used to study the interaction of small molecules, including ruthenium polypyridyls, with DNA. [16] Figures S8 (a) and (c) show that the binding of Λ-1 causes very similar changes for I9 and G9 consistent with the binding modes being similar.
Comparison of photo-oxidation by Λ-[Ru(TAP)2(dppz)]
2+
bound to G9, I9 and A9 ODNs using transient spectroscopic methods To study the reversible photo-oxidation of guanine and the accompanying reduction of the metal complex we have used ultrafast time-resolved spectroscopy, following the approach already reported for Λ-1 bound to G9.
[8e] Experiments were performed in D2O at a [Ru]/[duplex] ratio of 0.8:1, where all complexes are expected to be bound. [17] The results of both the TrA and TRIR measurements allow us to determine the relative yield and rates of both the forward (ET) and reverse electron transfer (bET) (Scheme 1). It should be noted that no PET is observed with inosine or adenine polynucleotides. [18] Scheme 1. A mechanism for the photo-oxidation of G by [Ru(TAP)2(dppz)]
Picosecond TrA measurements show that 400 nm laser excitation initially generates the MLCT state of the complex, which can be observed as a broad absorption at 600 nm ( Figure 5a and Figure S11 ). The forward ET can then be monitored by the formation of the reduced [Ru(II)(TAP)(TAP •-)(dppz)] + complex at 515 nm (Figure 5a,b and ESI Figure S11a-c) . It can be seen that there is a markedly higher yield of the reduced complex in the presence of I9 or A9. A relative yield enhancement of ca. 70% was calculated using the signal at 460 nm (i.e. in the negative signal 'bleach' region) (see ESI section S5). In 50 mM phosphate buffered D2O (pH 7).
The rate of the forward ET was obtained by fitting the grow-in of the reduced metal complex to an exponential function (taking account of the subsequent decay process). This gives rate constants of k = 1/490 ps -1 for I9 and 1/510 ps -1 for A9, which are close to that previously reported for G9 (1/410 ps, see Table 2 ).
[8e]
TrA experiments were also carried out on the nanosecond timescale (355 nm excitation) in order to monitor the subsequent back ET (bET). For Λ-1 bound to I9 and A9, the signal of the reduced species decays significantly faster (7 ns and 8 ns, respectively) than it does for G9 (τ = 17 ns; see Figure 5c and SI Figure S11d -f).
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The TRIR technique allows one to probe directly changes in the nucleobases and hence provides an excellent method for monitoring the oxidation of guanine. [19] In the ps-TRIR spectra of Λ-1 bound to G9, I9 or A9, strong bleaching is observed at 1650 cm -1 and 1680 cm -1 , where the C=O absorptions of C and G occur, respectively. In the presence of I9 or A9, the relative bleach intensity is greater than in G9 (see Figure 6 and ESI Figure  S12a,b) . There is also more prominent absorption at ca. 1700 cm -1 for I9 and A9, which may be assigned to the guanine radical cation. [19] The more defined signal for I9 and A9 compared to G9 is due to the higher yield in the former cases but may also reflect oxidation at a different site (see later). The G bleach band grows in at a rate of 1/605 ps -1 for I9 and 1/510 ps -1 for A9, similar to that with G9 (1/460 ps, taking account of the slow recovery noted at longer times; see also ESI Figure S13 ). These rates are similar to those recorded by ps-TrA for reduction of Λ-1, implying that the process observed by TRIR corresponds to oxidation of guanine by the photoexcited Ru complex. TRIR spectra in the nanosecond region show the recovery of the C and G carbonyl bleaches, and, most clearly in the case of Λ-1 with I9, the recovery of the transient at 1700 cm -1 (see ESI Figure S12c ,d). Monoexponential fitting of the bleach recoveries gave lifetimes similar to those recorded by ns-TrA (Table 1 & ESI  Figures S14 & S15) .
TRIR can also report on the binding site of the complex through interactions of the excited complex with its environment, which results in IR signals from the neighbouring nucleobases. [7,8f,20] At early times (e.g. 20 ps) before the oxidation occurs, there is a shoulder at 1695 cm -1 in the bleach section of the TRIR spectra of Λ-1 bound to A9 that is absent with G9 or I9. This occurs in the region where the thymine C=O (νC2=O2) is known to absorb (ESI Figure S16) , [21] suggesting that the complex could be interacting with a thymine nucleobase in A9, which we can assign to the T2A9 base pair.
Photo-oxidation by Δ-[Ru(TAP)2(dppz)]
2+ bound to G9 or I9 UV/Visible and luminescence titrations ( Figure S17) show that delta-enantiomer also binds strongly to both I9 and G9 but unlike the lambda-enantiomer the binding constants are rather similar (1.3 x 10 5 for I9 and 1.1 x 10 5 for G9.) It may also be noted that the constants for binding to I9 reveal that there is a much greater affinity for the lambda-enantiomer ( (13 x 10 5 ) than for the delta. Luminescence titrations also demonstrate that the extent of quenching is similar (93%) for this enantiomer when bound to I9 or G9 -significantly lower than that found with the lambda-species (98% and 96% respectively).
For the delta-enantiomer transient spectroscopy measurements reveal that the yield of the PET is somewhat lower for I9 than for G9, while the kinetics of both the forward and back reactions are comparable for G9 and I9. (Figures S18 &S19 and  Table S4 ), in contrast to what is found for the lambda-species. 
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The results reported above show that markedly different behaviour is observed in solution for Λ-1 between G9 and I9/A9. This is especially apparent in the transient measurements and reinforced by the binding studies. By contrast the crystal structures are very similar, all intercalating at site a, Figure 7 . We have previously shown that the PET with Λ-1 requires that the dppz be intercalated adjacent to a guanine.
[8f] Therefore if the intercalation site is the same in the solution as in the crystal, one might reasonably expect that the yield of ET would be much lower for I9 or A9, as the modified site T1C2;I9A10 or T1T2;A9A10 in I9 and A9 does not contain a guanine. Intriguingly, a strong enhancement of the ET yield was found in solution, as well as a significant increase in the rate of the subsequent back ET. This supports the hypothesis that binding in solution involves a site other than the terminal base-pair step a. Figure 7 shows the five unique steps generated by the selfcomplementary duplexes. The combination of the photophysical results, together with insights from previous crystallographic measurements, lead us to propose that the predominant binding site for I9 or A9 is site b in Figure 7 .
11 It should be noted that the lambda enantiomer used in this work, and in contrast to the delta enantiomer, will contact the minor groove on the 3 side of the binding step, and therefore be sensitive to the effect of variation at position 9 of the sequence. By contrast, the other steps will be little affected. Intercalation at a CA/TG site (ie the b site of A9) may also be favoured by the fact that the stacking interaction of CA/TG is particularly weak (only TA/TA is weaker) and much less than that for CG/CG. [22] This would also be expected to be the case for CI/CG (b site of I9). The assignment of site b as the preferred binding location is supported by our previously reported finding of a relatively low yield of ET for Λ-1 bound to the alternating GC duplex d{(GC)5}2.
[8e] This suggests that the 5′-GC (site d) and 5′-CG (site e) steps are not good candidates for strong ET. By contrast, high yields have been recorded where runs of G are present (e.g. in d{G5C5}2). Sites b and c both place the complex close to the 5′-G of the GG doublet, which is known to be a 'hot-spot' for oxidative damage.
[23] An angled intercalation from the minor groove, between G3 and G4 (site c) would disrupt the GG stacking that is required to lower the oxidation potential of the 5′-guanine, so that we expect that the most efficient ET will occur at site b, with the G3 base being the site of photo-oxidation.
Further evidence that the binding site in solution is different from that in the crystal may be deduced from the TRIR studies ( Figure 6 ). For the A9 system the bleach features recorded shortly after the laser pulse (20 ps) do not show the distinctive pattern of the T and A bands expected if the complex were to bind at the terminal (TT/AA) base-pair site,
[8f] but rather show major contributions from G and C.
The greater purine-dppz overlaps observed in the Λ-1-I9/A9 crystals demonstrates how removal of the 2-amino group facilitates binding of the complex from the minor groove, as has been shown previously for minor-groove binding drugs. 5 The steady-state titrations reported above do indeed indicate that the complex binds with comparable strength to I9 and A9, but much more weakly to G9.
Other guides to the nature of the binding at CG/CG and CA/TG steps (step b in the present work) are provided by our previous structural studies, [11e,j] in which we concluded that in both cases, angled intercalation from the minor groove led to stacking of one ancillary phen or TAP ligand onto the 3 sugar on the purine side. Both the structural and the solution evidence presented here show that a CI/CG step is closely similar to a CA/TG step when binding to these lambda enantiomers. At these steps, the effect of the 2-NH2 of guanine is again to displace the dppz chromophore and give reduced overlap, as highlighted in Figure 8 such that the pyrazine ring does not overlap directly with either guanine. At the CA/TG step, and therefore the CI/CG step, the absence of the 2-NH2 substituent allows greater pyrazineguanine overlap. : PDB codes 5LFW (for a CG/CG step) and 4JD8 (for a CA/TG step).(a,b) G9 above the dppz (c,d) G3 above the dppz. Purine residues are shown as sticks and pyrimidine residues as lines. The central pyrazine ring of the dppz ligand is also shown as sticks.
Finally these studies also highlight that, as we found previously with {d(GC)5}2 and {d(G5C5)}2, [8e] it is the lambda-enantiomer which appears to be much more sensitive to the sequence. As noted above, the angled configuration of the lambda-enantiomer at the 5'-pyrimidine -purine-3' step causes it to interact with one of the purines. Conversely for the delta-species, as was observed
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upon binding to {dATGCAT}2, [11e] angled binding in the intercalation pocket leads to overlap with one of the pyrimidines, on the 5'-side of the step (see Figure S20) . Therefore, for such angled binding we would anticipate that the inosine-guanine substitution would not lead to an enhanced binding preference for the delta-complex -in agreement with what is found.
Conclusions
We have demonstrated that substitution of guanine for inosine in a DNA decamer significantly enhances the electron transfer for a bound Ru(II) photosensitiser in solution. This contrasts with the expectation from the crystal structure and the redox property of inosine. This is explained by the existence of a different binding site in solution CI/CG for I9 due to the steric consequences in the minor groove of removal of the NH2 group. This explanation is supported by the extent of PET, with G3 as the most probable site of oxidation.
Our study also demonstrates that care needs to be taken in the use of inosine substitution as a control experiment for guanine oxidation by intercalating sensitisers. The similar electron transfer behaviour in both AT and IC systems, which are structurally similar from the minor groove but different from the major groove, offers further evidence that these Ru(II)dppz complexes intercalate preferentially from the minor groove in solution.
[24] The enhancement in electron transfer highlights the role of base sequence in Ru(II)dppz binding, and demonstrates how the preferred binding sites in the crystal may differ from those in dilute solution. This supports the need to perform spectroscopic measurements in the crystal itself where structural and dynamics data can be directly correlated, [12] and where the high concentrations may approximate those in biological media.
Experimental Section
The synthesis of Λ-[Ru(TAP)2(dppz)].2Cl was carried out by a modification to the method previously described by Elias et al., [8b] and has been described in detail recently.
[8e] Ps/ns-transient absorption and timeresolved infrared spectra were recorded on the ULTRA apparatus at the Rutherford Appleton Laboratories, which has been described in detail elsewhere. [25] X-ray data were recorded on beamline I02 at Diamond Light Source and were processed using a range of software (see ESI section S1 for full details). [26] Crystallographic coordinates and experimental data can be downloaded from www.wwpdb.org using PDB IDs 4QIO and 5ET2.
